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Abstract

A unique new way to study low gravity flames in normal gravity has been developed.

To study flame structure and extinction characteristics in low stretch environments, a normal

gravity low-stretch diffusion flame is generated using a cylindrical PMMA sample of varying

large radii. Buming rates, visible flame thickness, visible flame standoff distance, temperature

profiles in the solid and gas, and radiative loss from the system were measured. A transition

from the blowoff side of the flammability map to the quenching side of the flammability map is

observed at approximately 6-7 sec 1, as determined by curvefits to the non-monotonic trends in

peak temperatures, solid and gas-phase temperature gradients, and non-dimensional standoff

distances. A surface energy balance reveals that the fraction of heat transfer from the flame that

is lost to in-depth conduction and surface radiation increases with decreasing stretch until

quenching extinction is observed. This is primarily due to decreased heat transfer from the

flame, while the magnitude of the losses remains the same. A unique local extinction flamelet

phenomena and associated pre-extinction oscillations are observed at very low stretch. An

ultimate quenching extinction limit is found at low stretch with sufficiently high induced heat

losses.



Introduction

As humans expand into space and onto other planetary bodies, we need to understand

how to live and work in those environments safety, but without undue restrictions. In spacecraft,

the atmospheric control system and local cooling fans within hardware racks produce low

velocity flows which can impinge upon flammable materials and create low stretch

environments around those materials. How materials burn in these environments, and how to

test materials for fire safety in these environments are issues facing NASA today. The objective

of this fundamental study of flame characteristics in low stretch environments is to improve the

understanding of materials flammability testing in normal gravity as it applies directly to

spacecraft environments.

The behavior of diffusion flames at very low stretch rate, as found in many microgravity

flames, has not been often studied. Flame stretch is the logarithmic rate of increase of flame area

with time, and the concept of flame stretch can be applied to to both curved flames or to flames

in velocity gradients. Low stretch flames exist in flows with small velocity gradients or in

geometries with little flame curvature. It used to be thought that vanishing stretch rate

corresponds to infinitely large Damkohler number, where residence times are long compared to

chemical reaction times, and are typically associated with robust flames. That this is not the case

has been pointed out in a theoretical analysis where radiative loss is included t'J. With radiative

heat loss, a flame can be quenched at small stretch rate. Thus the behavior of diffusion flames at

small stretch rate can not be characterized by a Damkohler number alone; an additional
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parametersuchasaradiativelossparameteris required.

FoutchandT'ient21usedtheradiativelossaswell asadensimetricFroudenumberto

characterizetheblowoff (smallDa)andquenchingextinction(largeDa) boundariesin

stagnation-pointdiffusionflamesundervariousconvectiveconditions. An importantconclusion

of this studywasthattheshapeandlocationof theextinctionboundary,aswell asanumberof

importantflamecharacteristics,werealmost identical for the buoyant, forced, and mixed

convective environments they modelled. This theory indicates it should be possible to

understand a material's burning characteristics in the low stretch environment of spacecraft

(induced by fans and crew movements) by understanding its burning characteristics in an

equivalent Earth-based stretch environment (induced by normal gravity buoyancy). Equivalent

stretch rates can be determined as a function of gravity, imposed flow, and geometry. A

generalized expression for stretch rate due to mixed convection includes both buoyant and forced

stretch, and is defined [21as a = aj(l+ ab2/a_) '/'. For purely buoyant flow, the equivalent stretch

rate is ab = [(0_-0")/0c] [g/R] '_ t2.3]. For purely forced flow, the equivalent stretch rate is

characterized by either aF 2U./R for a cylinder t2,41,or aFUjct/dj_ t for a jet impinging on a planar

surface [5,6]. In the experiments reported herein, ay0 and the buoyant stretch is varied through R,

the radius of curvature. The buoyant stretch rate could also be obtained through varying g, the

gravity level. In this way the effect of partial gravity, such as those found on the Moon (1/6 g)

or Mars (1/3 g) on material flammability can be examined at Earth's gravity through equivalence

n of flame stretch rates.

While theory indicates that microgravity flame characteristics can be obtained through
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properscalingof normalgravity flames,very fewexperimentson low-stretchdiffusionflames

havebeenreported. For mostcommonconfigurationsand sampledimensions,the induced

buoyantflow onEarthis toohighto achievethelow stretchratesof interest.Ohtaniet al.[7-9]

conducted detailed experiments of the bottom surface combustion of cylinders and rectangular

flat pieces of PMMA. Cylinders ranged from 2.5-7.5 cm in radius. Flat pieces ranged from 3-10

cm in characteristic length. Using a linear scale, the authors extrapolated the experimental

results to zero burning rate to estimate an extinction limit dimension of 23.5-25 cm radius for

cylindrical pieces, and 14-25 cm for flat pieces. They suggested that extinction would occur

when the convective heat flux from the flame to the burning surface becomes comparable to the

radiative heat loss from the surface.

Himdi [1Ol,and Vantelon et al. t11.121conducted experiments on the bottom surface

combustion of fiat PMMA disks of various diameter from 2-15 cm. Detailed species and

temperature profiles were made for each size as well as for various external radiant flux levels.

For samples larger than 8 cm in width, cellular flames were observed. They estimated an

extinction limit dimension of approximately 20 cm for fiat pieces. They also suggested that the

balance between convection and radiation is controlling the burning. In none of these

experiments was the actual extinction limit observed.

Flame spread microgravity experiments have been conducted at very low speed flow,

which is similar to low stretch. Microgravity research [13-16] identified that a quenching

extinction branch exists for thin fuels under low velocity flow conditions in the absence of
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buoyantflow. Flamespreadratesdecreasedwith opposed forced air flow due to oxygen

transport limitations [15]in the absence of buoyant convection, and the flames ultimately

extinguished at very low velocity due to excessive heat losses (surface radiation etc.) relative to

the reduced heat generation in these weakly ventilated flames[ 141. The transition from blowoff

to quenching was found to be the most favorable condition for opposed flow flammability at a

given oxygen level, and the opposed forced flow velocity at transition was found to exist at lower

than attainable flows in normal gravity for the thin fuels. This raises issues for fire safety in

spacecraft in the areas of materials testing, fire prevention, and extinguishment.

Experiments

The approach in these experiments was to conduct low stretch experiments at normal

gravity that simulate the low stretch microgravity environment of spacecraft. As such, the

normal gravity experiments were conducted using a cylindrical flame configuration with PMMA

fuel samples ranging in radius of curvature from 2.5 cm to 200 cm, in order to overlap existing

experimental data at the small end and extend the data base to the quench limit at the large end.

Air flow was provided purely by buoyancy. Cooling on the back surface of the samples was also

varied to control solid-phase conductive losses. Since the flame is weakest at ignition because

the in-depth temperature profile is not established, the extinction limit separate from an ignition

limit could not be determined until a second parameter, the back surface temperature, was

changed long after the ignition transient.



A conceptof theexperimentalapparatusis shownin Figure1. The fuel samplewas

hungfrom theceilingto avoidflow disturbancesfrom thesupportstructure.Theapparatuswas

enclosedin a largedoublelayeredscreencageto eliminateroomdrainswhileallowing freeflow

of air aroundthesample.An exhaustventwasrecessedin theceiling abovethesampleto

removecombustionproductswhileminimizingdisturbancesto thenaturalconvectivestagnation

point flow belowthesample.Sampleprobes,cameras,thermocouples,andotherdiagnostics

wereintroducedoncantileveredextensionarmsthroughsmallopeningsin thewire screensfor

minimal disturbance.

Thecentralareaof thesupportapparatusexposedthe20 cmx 20cm curvedfuel sample

while theremainderof theapparatuswasinert. Thisallowedfor reasonably-sizedflameswhile

still providingthelargeradiusrequiredto establishlow stretchrates. Therangeof stretchrates

of interestis 2-16see"t,which correspondto approximateradii of 2.5- 200cm. Humidity and

temperaturein the labwereheldconsistentlyat 55%relativehumidityand22° C by the lab air-

handling system.

The plastic fuel used in this experiment is cast polymethylmethacrylate, or PMMA,

CsHsO2, an amorphous uncrosslinked thermoplastic polymer. The 20-200 cm samples were

made from 2.4 cm thick Plexiglas ®" G stock from the same batch. The 2.5 cm and 5 cm radius

samples which were formed by halving a solid cast PMMA cylinder (Perspex CQ ®" ) due to the

* In no instance does the identification ofcommercialproducts by manufacturer's name imply

endorsement by the National Aeronautics and Space Administration, nor does it imply that the

particular product is necessarily the best available material.
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difficulty in forming suchtight radii with thethick material. To form thelargerradii (20-200

cm), sampleswereheatedunderinfraredlampsfor 90minutesuntil rubbery-softandpliableas

theyreachedaforming temperaturenear430K. Thehotsampleswerethenplacedwithin a

speciallyfabricatedwoodmoldwith felt coversandpress-shapedin thedesiredradiusof

curvaturefor thecylindricalsections.Theywereinsulatedwithin themoldandleft to cool

slowly to allowstressrelaxationduringthecoolingprocess.

Thesampleswereplacedin acut-outin analuminumsheetshapedto providethe same

curvature as the fuel samples. The aluminum sheet was at least 40 cm by 60 cm by 0.3 cm thick.

A new aluminum support was fabricated for each sample. A high temperature silicone was

used to seal the sample to the aluminum support in the overlap area. An ice bath was used to

cool the back surface of some samples so that an isothermal boundary condition on this back

surface could be maintained.

The fuel samples were ignited using a retractable propane array of 40 small gas jet

diffusion flames. A mass flow meter measured the amount of propane used during the ignition

process. Ignition times varied with radius of curvature from 1-15 minutes, with larger radii

needing more time to ignite. The yellow propane flame array heated the sample, which began to

make characteristic sizzling and popping sounds. A blue flame appeared beneath the surface

amid the yellow sooty propane flamelets.



WhenthePMMA flamewas established beneath the sample, the propane was turned off.

The PMMA flame turned completely blue within seconds of the igniter deactivation. As the test

progressed, the solid-phase temperature profiles developed, and a soot layer appeared between

the surface and the blue flame.

Color CCD cameras were used to record the test. Regression rate, standoff distance, and

flame thickness were measured from these images. Resolution of the flame images was 0.1 mm

or better. An uncooled, temperature-compensated infrared radiometer with a Schmidt-Boelter

thermopile sensor was used to record the total radiant loss from the flame and surface emissions

during the experiment. The spectral range was 0.6-15 microns, and a viewfactor was determined

for each test to convert the reading to W/cm 2 values.

Type K thermocouples recorded solid and gas-phase temperatures prior to and during

tests. The thermocouple signals were conditioned and cold-junction compensated, and recorded

every 6 seconds. Solid-phase thermocouples were 0.0127 cm OD bare wire type-K

thermocouples embedded at various depths in the sample through predrilled and re-sealed holes

in the sample. Accuracy of the solid phase measurements is estimated to be 20°C. Gas-phase

thermocouples were sheathed ungrounded 0.025 cm outer (sheath) diameter type-K

thermocouples cantilevered into the flame by a 2 axis positioning system along the axis of the

cylinder to minimize conductive heat loss. No corrections to the measurements for radiation or

conduction errors were made because the corrections vary throughout the flame zone and peak at

the stagnation plane, where they are difficult to estimate. It will be argued below that the
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conclusionswouldnot changeif acorrectionto thetemperaturemeasurementswasapplied. At

thestagnationplane,theradiativelossis significantdueto theabsenceof convectiveheat

transferto balancetheradiativeloss. Thepeakflametemperaturesreportedhere,which areon

theoxidizer sideof thestagnationplane,areestimatedto beup to 100K too low dueto this

radiativelossattheselow stretchrates.

Results

Flame Appearance

One-dimensional stagnation point flames blanketed samples of 2.5, 5, 20, 50, and 75 cm

(uncooled) radius of curvature. The blue-rimmed sooty flame for 5 cm radius samples, is

shown in Figure 2a. Many vapor jets disrupted the flame surface at any given time. These

vapor jets were due to surface rupture of vapor bubbles observed to form within the PMMA

sample as it softened, swelled, and pyrolyzed. Vapor jets extended well beyond the blue outer

flame, although no dripping was observed.

For the twenty cm radius sample, the flame was strongly sooting (see Fig. 2b) after the

ignition transient, but vapor jet disruption was reduced as compared to the 5 cm radius flames. At

approximately 15 minutes, the sample began to drip flaming molten drops of PMMA through

the flame zone. The dripping increased with time, making measurement of the surface location

increasingly difficult. Molten droplets disturbed the flame locally as the flame adjusted its height

around the hanging droplet as well as during the actual dripping process.



Theflamesestablishedover50cmsamples(Figure2C)werenearlyall blueand

blanketedthesampleafterthe ignition transient.Vaporjet disruptionswereminor. Theonly

sootingnotedduringthis testwaslocalizedaroundthedropletssuspendedfrom theburning

surface.As thetestproceeded,dropletformationanddrippingbecamemorefrequent(although

notasmuchasthe20cm sample),andtheamountof sootingincreased.

Only without ice-bathcoolingcould 75cmsamplesdeveloptheone-dimensional

uniform flamesshownin Figure2d. After ignition,theresultingflameletsgrewandmerged

graduallyovertime asthesolid-phaseheatingprogressed,sothatablueuniformflame

blanketedthesurfacewasestablishedby approximately40minutes.Yellow sootluminosity

increasesfrom 45minutesuntil 55-65minutes. Beyond65minutes,drippingbecomesmore

severe.Surfaceandflamelocationsbecomedifficult to measureconsistentlyby 100minutes

dueto theunevensurfaceandassociatedflamedistortions. Sootluminosityseemsto decreaseas

well ataboutthis time. In addition,theonsetof flameletbehaviorwas observedat

approximately90minutesdueto anincreasein regression-inducedconductivelosses.

Foricebath-cooledsamplesof 75cm, 100,and200cm,multidimensionalflamelets

wereobservedthroughoutthetest,in contrastwith aone-dimensionalflameblanketingthe

surface. Flameletsareauniquenewnear-limitlow stretchflameadaptationobservedfor the

first time in this geometry. Quenchingextinctionwasobservedfor the200cmsamplefor back

surfacecoolingviadry ice,wherethedry icewasaddedafterthe ignitiontransientwascomplete.
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Thedetailedone-dimensional flame data, taken during the pseudo-steady period where

flame standoff was constant, is summarized in Olson is1. The onset of the pseudo-steady period is

defined as the time when the fuel heatup and molten PMMA swelling transients (---30-60

minutes) were finished, and steady regression is observed. Due to the finite thickness of the

samples, the pseudo-steady period ends with the regression transient, which is after regression of

a sufficient fraction of the material, so that solid-phase conduction increases. Thus the flame

was at its minimum heat loss during the pseudo-steady period.

Surface Regression Rates

Surface regression was measured two different ways in these experiments. The average

surface regression measurements were based on the mass loss measurements (corrected for any

mass loss through dripping), and are an average throughout the test. Local surface regression

measurements (Vreg_) are based on measurements of surface location as a function of time from

the video during the experiment. The two compared favorably throughout the range of radii

studied, and are plotted in Figure 3, along with other published data at higher stretch rates.

Stretch rates for Fig.3 were calculated from the experimental measurements.

The stretch rate is defined in Eqn. 1 t21 For these

experiments, T* ranged from 990 K to 865 K, and a

T*-T 1

a = [( ") g.]2-
T*

ranged from 1.8-11.9 sec _.

(1)
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Figure3 capturesthesurfaceregressionratesfor PMMA over the full range of

flammability in air, from blowoffat high stretch, to quenching at low stretch. The solid line

drawn through the central portion of the data (3<a<100 s_) has a slope of unity, which indicates

V,e_ _ a. Infinite kinetics theory and experiments find a square root relationship t_41between

regression and stretch at high stretch rates, but kinetics become important at low stretch rates and

the dependence on flame stretch becomes stronger. This figure assumes the existence of a

direct relationship between forced stretch [17], and buoyant stretch 191,and the excellent correlation

between these different methods of stretch generation shows that this assumption is reasonable.

Ohtani et al tsl plotted their data on a linear scale (regression rate vs (2R) _/4) and

extrapolated their results to zero regression rate (they never observed extinction) to estimate the

radius of curvature at extinction would be around 25 cm. For a non-zero regression rate at the

limit, the radius at extinction would be even smaller. This paper describes uniform flames well

beyond their extrapolated limiting size, and a new flamelet phenomena encountered at small

stretch extends the limit further. Quench extinction of low stretch flames was observed

experimentally for the first time in normal gravity.

In Figure 3, the stretch rate below which uniform flame burning was not achieved is 3

s-_, where departure from the linear correlation occurs. Similarly, the overall extinction limit is

marked simply as a Quench limit, which means that flames could not sustain at these large radii

(low stretch rates). In the low stretch region between these limits, a new flamelet phenomenon

is observed, which is believed to be a new regime of near-limit unstable flame behavior which
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occurs at low stretch. More detail on low stretch flamelets is reported in Olson t3j.

The non-dimensional mass burning rate, -fw [171, is evaluated using

1

-fw -- m"[--L-2 ]
P e_tea

(3)

These data are plotted against stretch rate in Figure 4, using Eqn. (3). The non-

dimensional burning rate decreases non-linearly with decreasing stretch in the low stretch

regime. The flamelet regime and the overall Quench limit are at a stretch rate of 3 see _ at -fw

= 0.3, and 1.5 sec _ at -fw = 0.15, respectively. This is in good general agreement with

predictions t21,where the non-linear trend is captured and the one-dimensional quench limit is

predicted at 1.5 s'_at -fw=0.3.

Flame Structure Variations with Stretch

Video images of the experiments were analyzed frame by frame for surface location,

outer blue flame boundary, and inner blue flame boundary. A typical set of measurements are

shown in Figure 5 for a 50 cm radius of curvature sample. The above local burning rates were

derived from the slope of the regressing surface. The outer blue flame standoff distance is

measured from the regressing surface to the outer blue flame boundary, while flame thickness is

the difference between inner and outer blue flame boundaries.
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Forthecaseshownin Figure5, the ignition transient lasts for approximately 15 minutes

before pseudo-steady flame standoff distances and surface regression was observed. The

swelling of the surface during ignition is believed to be due to the development of a bubble layer

within the solid as the in-depth thermal profile develops.

The visible flame thickness, distance of the Tmaxfrom the surface (derived from the

temperature profiles discussed below), and outer blue standoff distance are plotted as a function

of stretch rate in Figure 6. Flamelet information is only approximate because of inherent

fluctuations in the flamelet behavior. The flame standoff distance and flame thickness increase

substantially at low stretch. At sufficiently low stretch (3 see'l), the flame is unable to sustain a

uniform, one-dimensional flame so far from the surface with such a diffuse reaction zone. The

flame breaks up into smaller, thinner, three-dimensional flamelets that stabilize closer to the fuel

surface. As stretch is reduced further, however, the flamelet standoff and thickness grow again

and extinction of these flamelets occurs.

Local flamelet quench and complete Quench both occur as the flame zone thickness

grows to approximately 2 mm and as temperatures drop to around 1100 K. The thickening of

the flame zone is indicative of a slowing of the gas-phase reactions at these reduced

temperatures, and this near-limit thickness and temperature may be indicative of a limiting

reaction rate (heat release rate) below which the flame cannot be sustained for this system.

Residence times increase inversely with stretch rate, but reaction times increase exponentially

with decreasing temperature. Based on the measured flame temperature, the ratio of residence
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time to reaction time decreases at low stretch, although the Damkohler number, typically

defined at a fixed reference temperature, increases.

Temperature Profiles

The temperature profiles are non-dimensionalized using t2] non-dimensional temperature

and non-dimensional distance as

O(q) = T(q) (4)

L

Y

Y E pAy

fix f 0q = pdy = (5)

2 p_l.t axdx a

The experimental temperature distributions were used to evaluate the integral by applying

the ideal gas law for air density. Note the non-dimensional distance depends on the temperature

field.

Figure 7 shows the five non-dimensional profiles obtained for one-dimensional flames.

At stretch rates of 16.2 and 11.7 sec l, the non-dimensional temperature fields are non-

dimensionally broader and cooler than at 5.9 sec _, which is the (non-dimensionally) narrowest

and hottest of the four. As stretch is reduced from that point, the profile again becomes wider

and cooler.
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Thesenon-monotonictrendsin peaknon-dimensionaltemperatureandnon-dimensional

distanceqT,,_xarecapturedin Figure8. Thedataindicatethatthereis amaximumtemperature

somewherebetween5and 11sec_, andit is estimatedfrom thelocallyweightedregression

curvefit thatthemaximumoccursat approximately6-7secl. qa'm_xmirrors this trend,with the

smallestvalueat asimilarcurvefitestimateof 6-7sL Thenon-monotonicnon-dimensional

standoffdistancerl trendis differentfromthedimensionallyincreasingstandoffdistancetrend

with decreasingstretch.Thetemperaturedependenceof q isbelievedto be responsiblefor the

differencein trends,whereq is found to mirror the temperature trend. Low stretch theory t_]

and the data of Figure 11 (presented later) indicate the temperature maximum corresponds to a

transition from the blowoff to the quenching side of the flammability map. The locally-

weighted regression curvefit values of 6-7 see -_ for this transition is in good quantitative

agreement with predictions tl'2Jsl .

Solid-Phase Temperatures

Embedded thermocouple data were used to reconstruct solid-phase temperature

distributions during the experiment. An example of the raw temperature-time data is shown in

Figure 9 for the 75 cm no ice-case.

The surface temperature is 630 K in Figure 9. As each thermocouple approached the

surface, fluctuations were observable in the traces due to the liquid/bubble layer and associated

material non-uniformities. As the bead entered the gas-phase, the fluctuations became very
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strong.Thesefluctuationsweredueto vapor jetting and dripping [t9,201. Although not shown

here, abrupt shifts in the temperature traces occurred in some runs due to thermocouple wire

slipping and relaxation motions through the glassy layer. The transition from condensed phase

to gas phase was at times difficult to discern due to dripping and sporadic wetting of the

thermocouple. Due to swelling of the sample during the ignition transient, the initial

thermocouple locations needed to be corrected for the observed swelling as well as regression in

the construction of temperature profiles in the solid.

An example of the temperature profiles in the solid-phase is shown in Figure 10. The

surface gradient is determined from this data at the same time as the gas-phase data taken in the

previous section. In this way, errors in the surface energy balance (below) were minimized. For

this 20 cm radius case, the near-surface profile appeared to reach a pseudo-steady state at 1000-

1200 seconds, with a gradient at the surface of 24.0 K/mm.

Because of the finite thickness of the sample, the solid phase was never truly steady.

Heat losses into the interior decayed with time during the heatup transient, but heat losses

increased at later times with surface regression. This can be seen in Fig. 10, where the profiles

steepen in response to regression at later times (thickness decreases from 25->22 mm). This

decrease and later increase in heat losses correlated with the observed, uncooled 75 cm radius

flame transitions from post-ignition flamelets to a uniform flame and later back to flamelets.

These measured, time-resolved, solid-phase gradients agreed well with a transient numerical

model of the solid t31
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Surface Energy Balance

The burning rate data and temperature measurements were used to evaluate each term of

the surface energy balance at the solid surface, written as

aT_ ,, aT, nLv+c,o(T_ ) (6):

The first term on the left-hand side is the conductive heat flux to the surface, the second

term on the left is the net flame radiative flux absorbed by the solid (radiative influx minus

reflected and transmitted flux). The first term on the right-hand side is the conductive heat flux

into the solid interior, the second term is the energy needed for pyrolysis of the solid, and the last

term is the surface radiative loss.

This model does not account for many known experimental complexities, such as the

influences of the bubble layer and sample swelling on solid-phase temperature profiles, the

changes in the material properties at the glass transition, the temperature-dependent properties,

or the radiative absorption in-depth. Nevertheless, it does provide insight into the overall

behavior of these flames. The values for each term for each stretch rate are given in Table 1. A

detailed description of the data used to compute the various terms in this balance can be found in

Olson t31. The gas-phase temperature gradients at the surface were calculated using a second

order regression of the gas-phase temperature profile data inside the peak temperature and
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evaluatingtheslopeof thatfit atthesurface.Solid-phasesurfacetemperaturesandthegradients

atthesurfacewereevaluatedasdiscussedabove.Themeasuredburningrateswereused. The

q"radterm,whichwasnotdirectlymeasured,wascomputedto balancethe aboveequation.The

emissivityusedis e=0.85,baseduponcomparisonof themeasuredsurfacetemperaturesand

radiometerdatafrom surfaceemissions.It is closeto thevalueof 0.9usedin YangandT'ientlSl.

Figure 11plots thesetermsasafunctionof stretch.Theenergyusedfor vaporization

decreaseswith burningrateasstretchisreduced. Thesurfaceradiativelossterm is effectively

constantsincethesurfacetemperaturewasthesamein all runsto within theerrorof the

measurement.Therateof in-depthconductiveheatlossis alsofairly constantfor theone-

dimensionalflames, with flameletshavingslightlyhigherheatlossesdueto theincomplete

coverageof thefuel surface.

Gas-phaseconductionto thefuel surfacereachedalocalmaximumaroundthestretch

rateof 6-7sec1, consistentwith thepeaktemperatureandminimumnon-dimensionalstandoff

distance(rlTmax) at the transition from the blowoffbranch to the quenching branch (see again Fig.

8). The small levels of conductive (convective) flux from the flame at lower stretch rates(< 1

W/cm 2) are due to large flame standoff distances and reduced flame temperatures, which are

typical of many flames in a reduced gravity. The gas-phase radiation to the surface, which is

solved for to balance Eqn. 6, mirrors the gas-phase conduction. The decreasing net flux, which

is the sum of conduction and radiation from the gas to the solid (Q) in Figure 10, decreases in

parallel with decreasing fuel vaporization, and it is a key factor in flame strength.
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Basedonthetrendsin Fig. 8andFig. 11,theflameappearsto beableto adjustsits

standoffdistancein orderto maintaintheneedednetheatflux. Thusthesootyone-dimensional

flameat 3 s_ (uncooledback),providesmoreradiativefeedbackthanthenon-sootyflameletat

3s_ (cooledback),andthushasalargernon-dimensionalstandoffdistancerl (andlarger

dimensionalstandoffdistanceasin Figure6), soprovideslessgas-phaseconductivefeedback

thanits non-sootycounterpart.This observationis consistentwith resultsfrom a soundingrocket

experiment(DARTFire)t2H,wheretheeffectof a 1W/cm2externalradiantflux wasto movethe

flameawayfrom thePMMA surfaceto maintainthesamenet heatflux andsubsequentlythe

samespreadrate.

Theradiationexchangein theseexperiments is extremely complex. Transient sooting

occurs at low stretch, and in-depth absorption and possible emission of the transmissive fuel

contributes to the distributed thermal degradation noted in the samples, with the most

transmissive sample showing the densest bubble layer [3]. Diffusion flame non-symmetries in

the spectral gas-phase species' distributions also cause uncertainties in interpreting radiation

measurements made on one side of the flame with energy balances made on the other. The

spectral interactions of the radiating solid with the thick layer of radiatively-active hot monomer

and soot in the gas-phase is not understood. More study of the radiant exchange in low stretch

diffusion flames is needed.
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To determineoverall trends,thetermsof the surface balance are compared as ratios. The

ratio Freutilizatio n, is the fi'action of gas-to-surface net heat flux used to vaporize more fuel, and

another ratio, F_o_, is the fraction of gas-to-surface net heat flux that is lost to the solid interior

and radiated from the system. In this way, Floss+Freutilization= l. _, the fraction of gas-to-surface net

heat flux that is conducted in depth, is defined for comparison with Yang and T'iens' theory [_81

IlL v

Freutitiz'tl°n = aTg ,,! (7)

hg-_x + qrad

aTs eo(r,")
h,, --_-x +

F,o,, = (8)
ST e tl

hg'-_X + qrmd

aT,

= (9)

aT_ t/

hg"--_X + qrad

.

These ratios are plotted in Figure 12 as a function of stretch rate, using the data in Table

They represent the pseudo-steady period for the one-dimensional flames and typical values for

the flamelets.

Fractional heat losses increase as flame stretch is reduced. At the onset of flamelets at 3s"

1, only 15% of the net heat flux is reused to vaporize more fuel; 85% of it is lost. At the Quench

limit, only 10% of the heat flux is reused; 90% of it is lost. The value of _ at the Quench limit
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of a=2 s-_agrees well with the value of --0.45 predicted by Yang and T'ien [IS) for the same

stretch rate in air. It is interesting to note that over the range of stretch rates studied, that in-

depth solid-phase losses are comparable to surface radiative losses.

The fractional losses are increasing at low stretch, but the losses themselves are not

increasing, but actually remain fairly constant over the range of conditions studied. Instead, the

net heat flux from the gas-phase to the surface decreases dramatically with decreased stretch, as

shown in Fig. 11. What changes significantly is the heat release in the gas phase - the reaction

rate is decreasing. The limiting factor in the reaction rate is hypothesized here to be the oxygen

transport to the flame in this low stretch (low convective) environment, just as it was

hypothesized in low velocity flame spread [15]. Flamelet phenomena at very low stretch, where

the flame breaks up into pieces and becomes multi-dimensional, is viewed as the flame's method

of enhancing oxygen flow to the flame, through increased local curvature (stretch).

Conclusions

Experiments on buoyant low stretch stagnation point diffusion flames over a solid fuel

(PMMA) cylinder were conducted over a range of radii from 2.5-200 cm, or 2-16 sec _ stretch.

These experiments were the first conducted in normal gravity at such low stretch for a large-

scale solid fuel.
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Theresultsareconsistentwith characteristicsof low-gravity,low-stretchflames. The

only cleargravitationaleffectnotedwasthefueldripping,whichwasinconvenientbutdid not

changetheoveralltrendsprovidedby theexperiment.

Thesurfaceregressionratesand non-dimensionalmassburningratesdecreased

monotonicallywith stretchrate in agreementwith modelpredictionsit,21. Overallmassburning

ratesandlocal regressionratesagreedverywell, andexhibitedalineardependenceon stretch

rateexceptnearthe limits. Thelow stretch surfaceregressionratesextendthedatabasefor

PMMA to quenchingextinction,sodataisnow availablefrom blowoff to quenching.

Gas-phasetemperatureprofilesshowedanon-monotonictrendwith stretchrate,wherea

maximumflametemperatureandminimumnon-dimensionalstandoffdistanceis foundat a

stretchrateof approximately6-7secL Thismaximaandits stretchratewerein goodagreement

with theoreticalpredictions[t.2]for atransitionfrom theblowoff sideof theflammabilitymapto

thequenchingextinctionside.

Solid-phasetemperaturemeasurementswerein goodagreementwith simplemodelsof

the solidphaset3]. Thetime betweenignition andtheestablishmentof auniform flameagreed

well with thepredictedsolid-phaseheatingtimes.Thelatertransitionto flameletscorrelatedwith

increasedconductivelosseswith sampleregression.

Visible flamestandoffdistanceandvisible flamethicknesswerefoundto dimensionally
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increaseas stretch rate is decreased. Non-dimensionally, however, the standoff distance showed

a non-monotonic trend, mirroring the gas-phase temperature trend due to its temperature

dependence.

A surface energy balance was made using measured values of each term in the surface

equation except gas-phase radiation, which was derived to balance the equation. The results of

this balance indicated that, although heat losses remain relatively constant (surface radiative loss

and in-depth conduction), the flame feedback to the solid (gas-phase conduction and flame-to-

surface radiation) decreased dramatically with flame stretch. The ratio of the fairly constant

losses to decreased heat feedback thus increases to the point at which the flame can no longer

sustain itself, and quenching extinction is observed.

The limiting factor in the heat feedback is hypothesized to be small chemical heat release

rates due to small oxygen-transport rates, similar to that previously observed in very low

velocity flow flame spread phenomena. The new flamelet phenomena (multidimensional

flames) extend the material flammability beyond the one-dimensional flame extinction limit by

creating local flame curvature - increasing the flame surface area which equates to increased

local flame stretch rate. The increased flame surface area provides for increased local oxygen

flux to the flame.

These experiments support the theory that low gravity flame characteristics can be

generated in normal gravity through proper use of sealing. Based on this work, it may be
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feasibleto apply this concepttowardthedevelopmentof anearth-boundmethodof evaluating

materialsflammability in various gravitationalenvironmentsfrom normalgravityto

microgravity,includingtheeffectsof partialgravity low stretchratessuchasthosefoundon the

Moon (1/6g)or Mars (1/3g).
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NOMENCLATURE

a stretch rate, see 1

a = a.t(1 + abVaT) '/" equivalent stretch rate

ab = [(PC-P*)/Pe] [g/R] buoyant stretch rate

af 2U./R forced stretch rate for a cylinder

a/=Uj,t/djct forced stretch rate for a jet impinging on a planar surface

Da Damkohler number

dj,t diameter of the jet

F_oss fraction of heat feedback that is lost

Freutilization fraction of heat feedback used to vaporize more fuel

-fw non-dimensional fuel blowing velocity

g gravitational acceleration, 980 cm/s 2

Lv Latent heat of vaporization = 1700 J/g

m" mass burning rate, g/cm 2 see

q"rad radiant flux from gas absorbed at surface, W/cm 2

R radius of curvature, cm

Te ambient temperature, K

Tm_ maximum flame temperature, K

Ts surface temperature, K

Tg gas temperature, K
T* average temperature between Tmax and T,, K

T n temperature at q, K

U. forced flow velocity, cm/s

Uj_t jet velocity, cm/s

Vr_ surface regression rate, crn/s

x coordinate along surface of cylinder

y coordinate normal to the surface of the cylinder

e emissivity of fuel surface = 0.85

q gas-phase non-dimensional distance

0 non-dimensional temperature

hs= 2.09 x 10 .3 W/cm K @ 300 K, solid thermal conductivity

hg= 5.77 x 10 .4 W/cm K @800K., gas thermal conductivity

_t_ ambient viscosity, 1.85 x 10 .5 kg/m s for air

P

P_

p*
0

solid fuel density, kg/m 3

ambient air density, 1.176 kg/m 3

air density at T*

Stefan-Bolzman constant, 5.729 x 1012 W/cm 2 K 4

percent of heat flux to the surface that is conducted into the solid
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Table 1

Surface Energy Balance

R, cm a, sec
. aT,

qred = l_s -- +
Ox

2.5* 16.2 1.385 1.948

5 + 11.7 0.91 2.24

20 + 5.9 1.21 0.66 0.5

50 + 3.6 0.83 0.81 0.52

75+ 2.9 0.54 1.21 0.73

75" 3 1.32 0.55 0.9

100" 2.5 1.21 0.55 0.84
L

200" 1.8 1.15 0.59 0.84

(W/cm 2)

0.52

0.63

m//L v

2.04

1.75

0.59

0.36

0.26

0.2

0.15

0.14

+ one-dimensional flames, during pseudo-steady period

"flamelets

÷ coCT:)

0.77

0.77

0.77

0.77

0.77

0.77

0.77

0.77
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Figure 1 Experiment layout with fuel sample
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a) 5 cm radius flame and scale in ram.

b) 20 c,n radius flame and scale in ram.

c) 50 cm radius flame and scale in ram.

d) 75 cm radius flame and scale in ram,

Figure 2: side view of uniform flames at various radii of curvature
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